The electronic and vibrational absorption spectra of the radical anion and cation of p-benzoquinone (PBQ) in an Ar matrix between 500 and 40 000 cm À1 are presented and discussed in detail. Of particular interest is the radical cation, which shows very unusual spectroscopic features that can be understood in terms of vibronic coupling between the ground and a very low-lying excited state. The infrared spectrum of PBQ + exhibits a very conspicuous and complicated pattern of features above 1900 cm A notable exception is the antisymmetric CQO stretching vibration, which contributes significantly to the vibronic coupling, but has nevertheless quite small intensity in the cation spectrum. This surprising feature is rationalized on the basis of a simple perturbation analysis.
Introduction
Molecules containing the p-benzoquinone (PBQ) functionality serve as electron ''gates'' in the primary reactions of photosynthesis and in the mitochondrial respiratory system, 1 and as general oxidants or hydrogen acceptors in different chemical processes. 2 Therefore the radical anion of PBQ (also called the semiquinone radical anion) has been investigated quite thoroughly by different spectroscopic techniques. Its excited state structure has been probed by different methods, both in the gas [3] [4] [5] [6] and condensed phases. [7] [8] [9] [10] With regard to the vibrational structure of PBQ À , several groups have reported and assigned (resonance)
Raman spectra which revealed some of the totally symmetric fundamentals, [11] [12] [13] [14] [15] but only the strongest band in the IR spectrum, at around 1500 cm
À1
, has been unambiguously pinpointed to date. 14, 16 PBQ À has also been the subject of several early semiempirical 17, 18 and more recent ab initio theoretical studies. 9, [19] [20] [21] On the other hand, much less is known about the PBQ radical cation, probably because PBQ is rather hard to oxidize.
Most of the discussions on PBQ
+ and its electronic structure have revolved around the proper assignment of the photoelectron (PE) spectrum of PBQ, which was rather hotly debated for two decades. 22 The problem was that PBQ + has two sets of close-lying states, one resulting from ionization out of a pair of proximate p, the other out of a pair of nearby s-MOs, any of which could potentially be the ground state. It has now been established beyond any doubt that the ground state of PBQ + arises by ionization from the orbital labeled n À in Fig. 1 , which has b 3g symmetry if the cartesian axes are chosen as indicated in this figure. 19, 23 However, it has also been shown that, in order to correctly model the first two bands in the PE spectrum of PBQ, and hence the electronic structure of PBQ + , vibronic coupling between the proximate states must be accounted for, 23 an issue that will arise again in the present discussion of its electronic absorption spectrum.
To the best of our knowledge, PBQ + has never been characterized by any technique other than PE spectroscopy. In this paper we present the electronic and vibrational absorption spectra of the radical anion and cation of PBQ, obtained in Ar matrices. Whereas the radical anion spectra can be readily modelled using standard methods of quantum chemistry, the very unusual infrared spectrum above 1800 cm
Experimental results
To obtain radical ions in Ar matrices containing the neutral precursor, these matrices are exposed to X-irradiation. This leads to formation of Ar + /e À pairs which ultimately transfer their charge to substrate molecules contained in the matrix. Thus one can generate radical cations, the yield of which can be enhanced by adding an electron scavenger, such as methylene chloride. 24 This turns out to be unnecessary in the present case because PBQ itself is an excellent electron scavenger. If, however, a more easily oxidizable ''hole scavenger'' such as 1,4-diazabicyclooctane (DABCO) is added, radical anions of added substrates can be formed, provided that the anions of these substrates are bound in Ar. 10, 25 Here we have exploited this technique to differentiate the spectra of radical cations and anions of PBQ. The optical spectrum obtained upon X-irradiation of 10 K Ar matrices containing ca. one part per thousand of PBQ and of DABCO each is dominated by the well-known features of the PBQ radical anion which peak at 458 and 325 nm. 7 Upon irradiation at 313 nm, the peaks of PBQ À disappear, probably due to ejection of the electron which migrates through the matrix and recombines with the positive charge carriers (mostly DABCO + ). These processes are documented in Fig. 2 .
The spectra are very similar, but weaker when no scavenger is added, which indicates that the radical cation of PBQ does not show any substantial absorptions in the energy range that is accessible in this experiment. In contrast, the mid-IR spectra differ substantially depending on whether or not the matrix is doped with DABCO in addition to PBQ (compare traces b and c of Fig. 3 ). The spectrum of PBQ in an Ar matrix (Fig. 3a) is in very good accord with the gas phase and solution spectra 26 (an assignment will be given in the computational section).
As will be shown below, all of the peaks in the difference spectrum which was obtained on X-irradiation of an Ar matrix containing DABCO in addition to PBQ, can be readily assigned to PBQ À , based on a simple DFT calculation, with the exception of the intense one at 714 cm
À1
, which is due to the radical cation of DABCO (D + ), two small ones at 801 and 1209 cm
(marked with asterisks in Fig. 4b ) which will be assigned below to the radical cation of PBQ, and the broad one at 1605 cm À1 , which is due to water. On X-irradiation the peaks of neutral PBQ (marked with dashed arrows in Fig. 3 ) and those of DABCO at 986, 1065, 1324, and 1456 cm À1 (marked ''D'' in Fig. 3 ) diminish.
On 313 nm photolysis the processes observed on X-irradiation are mostly reversed (lower spectrum b), except for the peaks of neutral DABCO which are too weak to be seen reappearing. On the other hand, when no DABCO is added to the matrix, a very different spectrum is obtained on X-irradiation (top spectrum c). As shown below, the three intense peaks at 613, 801, and 1209 cm À1 and perhaps a small peak at ca. 1655 cm
(quite close to a very strong absorption of neutral PBQ) can be assigned to PBQ + . The presence of the strongest peak of PBQ À at 1509 cm À1 indicates that PBQ acts effectively as a scavenger of the electrons that are liberated in the course of X-irradiation (upon careful inspection, some of the weaker bands of PBQ À can also be Fig. 1 The highest four occupied and the lowest unoccupied molecular orbitals of PBQ (ionization from each of these orbitals gives rise to a state of the radical cation which has the same symmetry as that of the resulting singly occupied MO). Italicized numbers are vertical energy differences between neutral PBQ and the four ionic states. 23 Note that pairs of s-and p-states lie very close in energy, which acts to amplify vibronic coupling effects. discerned in this spectrum). In view of the high electron affinity of PBQ (1.86 eV in the gas phase 4 ) this is not surprising. All these peaks are bleached on 313 nm photolysis (lower spectrum c). Fig. 4 juxtaposes the positive peaks in the top spectra (b) and (c) in Fig. 3 to spectra simulated on the basis of B3LYP/ 6-311G(2d,p) calculations. The good accord leaves little doubt that the above-proposed assignments to the radical ions of PBQ are correct. An assignment of the IR spectra of PBQ À and PBQ + will be given in the theoretical section.
The reader will have noticed that we have refrained from including the section above 1800 cm À1 in our analysis of the IR spectra. The reason is that this region contains not only the expected vibrational transitions due to C-H stretching vibrations in the 2900-3100 cm À1 range, but in addition many other very prominent features which are shown in Fig. 5 . As most of these features are absent when DABCO is present, they must be due to the radical cation of PBQ, which is not entirely unexpected in view of the close proximity of the first excited state and the ground state that had been revealed by the analysis of the photoelectron spectrum. 23 Before going into an analysis of what appears to be the first electronic transition of PBQ + , we look at some features that arise from other carriers, because they are not (or only partially) bleachable by 313 nm photolysis. First among those are the sharp peaks at 2100-2200 cm À1 which can be assigned quite unambiguously to bisketene and its radical cation, which we have characterized independently by way of ionization of cyclobutenedione. 27 Upon 313 nm photolysis, the radical cation of bisketene is transformed into the neutral species. As bisketene must arise by fragmentation of PBQ + , it must be accompanied by acetylene, which is characterized by the asymmetric C-H stretching vibration at 3277 cm À1 (actually a doublet, due to a well-known Darling-Dennison resonance), another feature that is not bleached on 313 nm photolysis. Finally, the sharp peaks at around 3725 cm À1 are due to matrix-isolated water.
The remaining, more broad features must be due to the X 2 B 3g -A 2 B 2u electronic transition of PBQ + . The unusual and complicated shape of this electronic transition is doubtlessly due to the vibronic coupling between these two states, 23 which will be addressed below.
Theoretical discussion
Our discussion of the vibrational structure given below will be based on the choice of axes shown in Fig. 1 , and on Herzberg's convention for numbering frequencies. , based on DFT calculations) were identified in the matrix spectrum shown in Fig. 3a .
This spectrum is in excellent accord with previous measurements in the gas and in condensed phases. 26, 30, 31 The assignment of this spectrum, in particular that of the pair of intense bands at 1650-1670 cm
À1
, which appear prominently in the matrix spectrum, had been controversial, because calculations predict only one fundamental in this region. However, it was established that the two bands which are peaking at 1659 and 1671 cm À1 in our matrix spectra are due to two Fermi-coupled b 1u vibrational states. 32 One is the antisymmetric CQO stretching fundamental and the other is the combination of a b 2u fundamental, which peaks at 1067 cm À1 in the matrix spectrum, and a b 3g fundamental which is observed at ca. 600 cm
in the Raman spectrum of PBQ. 33, 34 Which is which has been a matter of some debate, but the states are likely to be so strongly mixed as to render the question moot. In addition we observe a few weak bands at higher energies which we assign to combination bands in accord with Charney and Becker 26 (cf. Table 1 ).
A feature of the IR-spectrum of PBQ that we would like to retain for future reference is that the most intense fundamental transition in the spectrum, the antisymmetric CQO stretch, has an intensity of ca. 300 km mol À1 , according to our B3LYP calculations.
Electronic and vibrational structure of PBQ

À
The electronic structure of PBQ À has been at the focus of several theoretical studies, all of which agree that the ground state of this anion may be regarded as arising by addition of an electron to the b 2g LUMO of PBQ (cf. Fig. 1 B 3u states at 3.5 and 3.74 eV, respectively (355 and 330 nm) which leads to the conclusion that the first band corresponds to a single electronic transition, whereas the intense UV-band comprises two transitions.
In this context we wish to point out the presence of a weak feature to the red of the leading 450 nm peak in the spectra shown in Fig. 2 , which is reproducible and not due to an impurity. The same feature appears, better resolved, in the matrix spectrum of Gebicki and Michl 10 (which was ignored by the above-cited theoretical studies). We propose that this feature indicates the presence of a second excited state in this region, perhaps the 2 A u state that was predicted in this region by CASSCF/CASPT2.
Our own TD-DFT calculations (see ESI †) are in agreement with that assignment, and they also predict a single excited state in the 320 nm region. However, at this point, the interpretation of the electronic spectrum of PBQ À remains speculative, and a topic that should be further investigated. The vibrational structure of PBQ À has stood at the focus of several studies, most of which have probed the totally symmetric fundamentals by (resonance) Raman spectroscopy. [11] [12] [13] [14] In the IR spectrum only the most intense band at around 1500 cm À1 had been unambiguously pinpointed. 14, 16 The vibrational structure of PBQ À has been investigated computationally by different groups, 35 ,36 but since they had done this in view of assigning the Raman spectra, they did not list the predicted IR intensities. The spectrum simulated on the basis of B3LYP calculations being in excellent accord with the pattern of observed bands indicates that these calculations may serve as an adequate basis for an assignment of the experimental spectrum. According to these calculations, three of the 13 IR-active fundamentals are expected below 500 cm À1 and two are C-H stretches which leaves eight others in the region plotted in Fig. 4 , six of which can be assigned quite unambiguously from our matrix spectra. The most intense band is, as in neutral PBQ, due to the previously observed asymmetric CQO stretching fundamental of b 1u symmetry, which, however, is evidently not subject to such strong Fermi coupling to a combination band in the anion as it is in the neutral species. Its frequency decreases from 1659 cm À1 in PBQ to 1509 cm
À1
, which is due to the weakening of the CQO bonds upon adding an electron to the LUMO (cf. Fig. 1 ). The intensity of the band is comparable to that of the neutral species.
The antisymmetric CQC stretching vibration, which is at 1596 cm À1 in the neutral species, appears at 1450 cm À1 in the anion, a shift which can again be explained by the CQC antibonding nature of the LUMO of PBQ. are also tentatively assigned in terms of combinations of g and u vibrations predicted nearby.
Electronic and vibrational structure of PBQ
+
Apart from the very unusual shape of the electronic absorption band shown in Fig. 5 , which will be discussed separately below, the most striking spectroscopic features of PBQ + are the pronounced intensities of the three major peaks, at 613, 801, and 1209 cm À1 , in the IR-spectrum (cf. Fig. 4 ), assigned in each case to fundamental transitions that have either modest intensity or are not observed at all in the neutral and anionic states of PBQ. As assigned by B3LYP calculations, these three transitions involve vibrations of b 1u symmetry and have intensities that are also significantly higher than that of the most intense IR band of the neutral species or the radical anion, i.e. the asymmetric CQO stretch, which in PBQ + is actually predicted to be much weaker than in the neutral species or the anion (see Fig. 6 ). 39, 40 we note that these effects express themselves already quite clearly at this level, as illustrated in Fig. 6 which shows the four b 1u normal modes of PBQ (the fifth one is a C-H stretch) and its radical cation, as well as the (unscaled) frequencies and intensities of the IR transitions. In three of them, mixtures of C-H wagging and ring deformation modes, the frequencies decrease indeed (by 105-127 cm
À1
) while the intensities dramatically increase (from 0.5-18.5 to 600-1000 km mol
). In contrast, the frequency of the antisymmetric CQO stretching vibration is predicted to decrease by only 25 cm À1 while its intensity decreases actually by a factor of over 4 (the tentatively assigned weak experimental feature is barely shifted from that of the neutral state). How effective different vibrations of the proper symmetry are at coupling two states depends on the projection of the corresponding normal modes onto the diabatic coupling vector between the two electronic states involved (i.e. the distortion that optimally couples the two states). 38, 41 These vectors, which are needed to find conical intersections between two states, are often computed by the CASSCF method whereby the orbitals are averaged over the two coupled states. In the case of PBQ + such a calculation yields a vector that is strongly localized along the antisymmetric CQO stretching mode, i.e. the mode which appears to be least affected by vibronic coupling. However, Fig. 7 shows that, if one averages the orbitals over three or four states, respectively, other modes begin to participate increasingly in the derivative coupling vector. Finally, equation-of-motion coupled cluster theory (EOMIP-CCSD) predicts a coupling vector that is quite delocalized amongst the modes of b 1u symmetry, in accord with what the IR spectrum expresses. We have no explanation for this failure of a CASSCF calculation where orbitals are only averaged over the two coupling states to reproduce this result.
A simple perturbation analysis, outlined in the Appendix, shows that the EOMIP-CCSD coupling calculation is entirely consistent with the infrared spectrum provided by the same method (which is qualitatively the same as that obtained by the B3LYP method). In particular, the fact that the intensity of the antisymmetric CQO stretch is smaller in the cation than in the neutral species and that its frequency is largely unaffected can be understood by this analysis which shows that the vibronic contributions to the vibrational intensities (i.e. the contributions that are a direct result of the electronic state coupling) are the overwhelmingly dominant part of the transition moment for the very strong low-frequency features. However, for the antisymmetric CQO stretch, the intrinsic transition moment and the vibronic contribution have different phases, which results in their destructive interference and a net reduction of the intensity of that transition in the radical cation.
With regard to the frequency, we note that the CQO distance in the cation is ca. 0.02 Å shorter than in the neutral species; thus, in the absence of vibronic interactions, one would expect the corresponding stretching frequency in the cation to be higher than in the neutral species. Consequently, the small change in the frequency between neutral species and the cation comprises a positive contribution to the intrinsic frequency from bond compression and a negative contribution from the vibronic interaction, a cancellation of effects that is qualitatively similar to that seen in the transition moment itself.
Obviously, the strong vibronic coupling between these two states affects also the electronic transition between them. Consequently, the Born-Oppenheimer approximation breaks down and one cannot model that transition on the basis of FranckCondon factors calculated for separate potential surfaces of the two states.
The envelope of the first band of the electronic spectrum, which manifests itself vividly in the region above 1800 cm À1 , is extremely complicated, as both states that are involved in the corresponding transition are admixtures of the diabatic 2 B 3g and the 2 B 2u electronic states. As in our earlier photoelectron spectroscopic study, 23 a quasidiabatic model Hamiltonian method 41 turns out to be useful to model the properties of the nonadiabatic system. The results of the simulation of the first electronic absorption band based on a quadratic vibronic coupling hamiltonian are shown in Fig. 8 . The agreement with experiment can only be said to be qualitative, but many of the features seen in the experiment are also found in the simulated spectrum. While details of the spectral analysis will be given in a separate publication, the simulation supports the idea that a low-lying electronic transition in this system, complicated by strong vibronic coupling effects, is the underlying reason for the unusual appearance of the band envelope in this region of the spectrum.
Conclusions
We have generated the radical ions (anion and cation) of p-benzoquinone (PBQ) by X-irradiation of neutral PBQ in an Ar matrix at 10 K and recorded their UV-Vis and the IR absorption spectra. The matrix IR spectrum of PBQ is in excellent accord with previous measurements in the gas and in condensed phases, and shows a prominent Fermi resonance splitting of the intense antisymmetric CQO stretch. Our electronic absorption spectrum of PBQ À supports the notion that the first band system at 350-500 nm comprises transitions to two states while the second band which peaks at 320 nm contains only one, in accord with CASSCF/CASPT2 and TDDFT but in contradiction with SAC-CI calculations. In the vibrational spectrum of PBQ À six of the eight IR-active fundamentals between 500 and 2000 cm À1 were observed and assigned.
The spectra of the radical cation of PBQ, which are reported for the first time in this paper, are remarkable in several respects: the lowest energy band in the electronic absorption spectrum (which lies fully in the mid-IR region between 1900 and 4500 cm À1 ) shows a very complicated envelope; the vibrational spectrum below 1700 cm À1 is dominated by three exceptionally strong peaks (calculated intensities of 590-1040 km mol
À1
) below 1300 cm
; conversely, the infrared-active antisymmetric CQO stretch, which is by far the most intense band in neutral PBQ and its radical anion, is barely visible in the PBQ + spectrum.
All three unusual features noted above can be rationalized by recognizing that the 2 B 3g ground state and the low-lying 2 B 2u excited state undergo pronounced coupling through vibrations of b 1u symmetry. As a result, it is not appropriate to model the electronic transition between these two mixed states by means of a Franck-Condon analysis between the respective adiabatic potential energy surfaces. Moreover, the four IR-active b 1u vibrations ''borrow'' intensity from the electronic transition which explains the prominence that they exhibit in the IR-spectrum. The CQO stretch does not profit from this intensity enhancement because for this mode the intrinsic transition moment and the vibronic contribution have different phases, which leads to their destructive interference and a greatly diminished intensity relative to the same mode in the neutral species and the anion.
Methods
Compounds p-Benzoquinone (PBQ) and diaza[2.2.2]bicyclooctane (DABCO) were used as obtained in high purity form.
Matrix isolation and ionization
PBQ was mixed in a 1 : 1000 ratio with a 9 : 1 mixture of Ar and N 2 (where the latter is added to improve the optical quality of the matrices) in a 2000 ml storage vessel to a total pressure of 100 mbar, about half of which was deposited over ca. an hour on a CsI window held at 20 K inside the cold head of a closedcycle cryostat fitted with KBr windows. In experiments with DABCO, this was premixed with PBQ in a 1 : 1 ratio before adding the gas mixture. After completing the deposition, the heater of the cryostat was switched off, so the temperature of the matrix fell to 10 K. X-irradiation was effected by means of a source tube containing a tungsten anode that was operated at 40 kV/40 mA, which gives off Bremsstrahlung that under these conditions peaks at ca. 0.5 Å/25 keV. Under the impact of this radiation, electron-hole pairs form in the Ar matrix, a few of which separate and diffuse (in the form of polarons) through the solid until they are trapped by added substrates or impurities with a lower oxidation or reduction potential, respectively, than Ar. In the absence of DABCO mainly the radical cation of PBQ forms in this process, while the electrons that are not trapped by PBQ are probably trapped by impurities in the matrix. When one adds DABCO, most of the holes are trapped by this easily oxidized compound, thus largely suppressing the formation of PBQ + , while most of the electrons continue to be trapped by PBQ and the spectrum of its radical anion becomes more prominent.
Apparatus
UV/VIS/NIR spectra were recorded on a Perkin-Elmer Lambda 900 instrument, while IR spectra were obtained on a Bomem DA3 interferometer equipped with a KBr beamsplitter and a MCT detector. Usually, 256 interferograms taken at 0.5 cm À1 resolution were added before Fourier transformation of each spectrum.
Quantum chemical calculations
Geometries were optimized and frequencies were calculated by the (U)B3LYP/6-311G(2d,p) method using the Gaussian 09 program system. 43 Additionally, model Hamiltonian calculations of the spectrum were based on a quasidiabatic Hamiltonian parametrized on the basis of calculations using the equation-of-motion coupled cluster method known as EOMIP-CCSD, 44 using a double-zeta plus polarization basis set. The vibronic calculation used the ''adiabatic parametrization'' discussed in ref. 45 with coupling constants calculated using the analytic scheme presented in 2009. 
